Ribosome display has been widely used for in vitro protein evolution, and the formation of a ternary complex, mRNA-ribosome-protein, is central to this technology as it displays the genotype-phenotype linkage. In conventional ribosome display methods, DNA with a native sequence containing stop codons cannot be used as a starting material as the ribosome in the ternary complex is primarily stalled by the removal of stop codons. Here, a new method for ribosome display is reported. This new method enables the use of DNA containing a stop codon as a starting material and presents the ribosome display on a microarray format with the assistance of a photo-crosslinker. This method is expected to be more advantageous than the conventional method as it allows the use of DNA with a native sequence without any modification, and since it is presented on a microarray format, it enables immediate functional identification and comparison between different proteins without any downstream processing.
Introduction
Ribosome display is an in vitro protein display method that generates and uses mRNA-ribosome-protein ternary complexes for the screening of novel proteins, followed by collection and amplification of the gene encoding protein of interest [1] [2] [3] . The ternary complex forms a linkage between genotype (mRNA) and phenotype (protein) in a cell-free system. Ribosome display is more advantageous over other protein display methods, such as phage [4] and plasmid [5] display methods, since it does not require tedious in vivo gene expression (bacterial transformation procedures) to form the genotype-phenotype linkage. Therefore, reactions can be carried out in a cell-free system and in a shorter time. Sidestepping the transformation reaction also allows for larger and more diverse DNA libraries to be used for protein display. Typically, a protein display method that requires in vivo gene expression is limited to a smaller library size (10 7−10 ) due to the limited capacity of bacterial transformation [6] . In contrast, larger libraries with sizes of 10 12−14 have been used in the ribosome display method [7] . Apart from that, the use of a cell-free system in ribosome display also overcomes the restrictions presented by host cells in cell-based display methods, such as the difficulty in synthesizing toxic or unstable proteins [8] .
For a successful ribosome display system, the ribosome of the ternary complex must be stable against dissociation and the displayed protein must be functional. In conventional ribosome display method, the dissociation of the ribosome and the release of the protein and mRNA from the ternary complex is avoided primarily by ribosomal stalling before being further stabilized by decreasing temperature and using highly concentrated magnesium ions. For this purpose, a DNA library modified to remove stop codons is used as the starting material [2, 9] . Naturally occurring stop codon sequences (TAA, TGA, and TAG) present an obstacle to ribosomal stalling and the stabilization of the ternary complex because they are recognized by a group of proteins, known as release factors, which initiate the natural translation termination mechanism causing the release of full-length proteins from ribosome followed by dissociation of the ribosome [10] [11] [12] [13] . Functional proteins are formed by the synthesis of full-length proteins followed by folding to form the correct shape. This is achieved by letting the ribosome read and translate the gene encoding the protein of interest completely.
In general, a conventional ribosome display method involves the following steps. A polymerase chain reaction (PCR) fragment that contains a promoter and a gene sequence, which encodes the protein library, without a stop codon is transcribed in vitro to produce mRNA without the stop codon. Cell-free translation is then carried out in a tube using a crude cell-free extract. During translation, the ribosome reads the mRNA until its 3'-terminus to form the mRNA-ribosome-protein ternary complex. Since the mRNA does not have the stop codon, the ribosome stalls once it reaches the end of the mRNA strand and hence displays a full-length protein. The ternary complex is then mixed with the target molecules. The displayed protein of the ternary complex with affinity to the target molecule binds with the target molecule whereas unbound ternary complexes are washed out. From the bound complexes, the mRNAs are collected, reverse transcribed and amplified by PCR to produce the DNA. Several rounds of these steps are carried out to obtain the protein of interest.
The conventional ribosome display method described above has two drawbacks. The first is that it relies heavily on the absence of stop codons in order to stall the ribosomes. Thus, DNA libraries with native sequences that always have stop codons cannot be used as starting molecules for ribosome display. The library must be sequenced first and then modified by PCR to remove the stop codon. In order to use DNA containing the stop codon for ribosome display, Ueda et al. proposed to use an E. coli-based reconstituted translation system (PURE system) [14] without release factors to generate the ternary complex. By removing the release factors from the cell-free system, the natural translation termination mechanism can be avoided because now there are no proteins that recognize the stop codon [15, 16] . Hence, the ribosome is stalled at the stop codon and the ternary complex can be displayed. However, the genetic sequence of DNA used in this method was not native as it was modified to include a glycine/serine spacer sequence and a SecM ribosomal stalling sequence before the stop codon. Another method demonstrated by Aoyama et al. showed that ribosome display using DNA with native sequence containing the stop codon is possible by using an engineered suppressor transfer RNA (tRNA). This method is based on ribosomal read-through where the engineered suppressor tRNA recognizes and enters the ribosome at the stop codon, thus enabling translation to continue without the dissociation of the ternary complex [17] . The DNA used in this work was not modified and the UTR of mRNA was used as a spacer. However, artificial synthesis of the suppressor tRNA is difficult and its incorporation into the ribosome is only efficient in the absence of release factors.
The second drawback is that ternary complexes displaying different proteins are generated in a solution inside a tube and then captured with target molecules either in the solution or on a solid support. Since all the different proteins are mixed and captured together, it is not possible to directly determine which of the captured proteins has the strongest affinity to the target molecule or to compare the binding strength of different proteins without downstream processing. Collection of only one type of protein immediately after binding to the target molecule is also difficult.
Here, a new method of ribosome display is reported in order to overcome the drawbacks associated with the conventional methodologies. First, an unmodified DNA containing the stop codon was used as the starting material, where the stop codon functions to stall the ribosome. Secondly, the ribosome display was presented on a microarray format. A microarray consists of miniaturized arrays of biomolecules captured on a solid support and serves as a high-throughput platform for the functional analysis and screening of biomolecules. By presenting the ribosome display on a microarray format, a high-throughput ribosome display platform is formed on a solid support as miniaturization of the spot size allows a large number of ribosome display spots to be formed on a single support. The ribosome display microarray will also enable users to directly detect binding to target molecules and compare the binding strength of the different proteins using fluorescently labeled target molecules. The collection of only one type of protein is also feasible since each spot on the microarray will only display one type of protein.
The ribosome display microarray was fabricated by incorporating microintaglio printing (µIP) [18, 19] and a photo-crosslinker, 3-carbovinyl-carbazole ( CNV K), [20] into the proposed method. With the use of µIP, mRNAs containing stop codon were arrayed on a single solid support by hybridization with linker DNA. From the mRNA array, ribosome display array was formed by cell-free translation. The photo-crosslinker, CNV K, provided a way to permanently link the mRNA to the linker DNA by forming a covalent bond with uridine residue upon photo-irradiation. 
Materials and method

In vitro transcription of mRNA
The Cy5-labeled mRNA was transcribed from the DNA encoding the model protein using a T7 RiboMAX Express Large Scale RNA Production System (Promega, USA) and Cy5-UTP (GE Healthcare, UK) in accordance with the manufacturer's protocol.
Fabrication of PDMS mold with microwells
To prepare polydimethylsiloxane (PDMS) mold, SILPOT 184 (Dow Corning Toray Silicone, Japan) and a curing agent (CATALYST SILPOT, Dow Corning Toray Silicone, Japan) were mixed at a ratio of 10:2 and 0.8 ml of the mixture was cast onto the SU-8 master mold and cured for 100 min at 100°C. The cured PDMS was peeled off from the master mold and the formation of microwells was confirmed using a light microscope.
Fabrication of linker DNA functionalized gold
substrate Cover glass (20 mm × 20 mm × 0.5 mm, Matsunami Glass, Japan) was cleaned using a sulfuric acid and hydrogen peroxide mixture (SPM) and subsequently sputter-coated with chrome followed by gold. This gold-coated glass was cleaned using SPM and the surface was functionalized with the thiol-modified linker DNA by incubating with 1 µM linker DNA in 1× phosphate buffered saline (PBS) solution in a sealed chamber for 24 h at room temperature. Then, the substrate was soaked in 1 mM mercaptohexanol (MCH) in 1× PBS for 1 h at room temperature. The substrate was sonicated in 1× PBS with 0.2% Tween 20 for 30 min followed by rinsing with 1× PBS and deionized water. Finally, it was dried using a spin dryer.
Microintaglio printing of in vitro transcribed
mRNA to form mRNA microarray The PDMS mold was sonicated in 10 ml of 0.1% sodium dodecyl sulfate (SDS) for 3 min followed by soaking at room temperature for 30 min. The surfactant was used to hydrophilize the PDMS surface. The soaked PDMS was then dried on a flat plate thermal cycler at 80°C for 1 min. After drying, the temperature of the thermal cycler was then reduced to 4°C and 1 µM Cy5-labeled mRNA in 3× saline sodium citrate (SSC) and 0.02% SDS was added onto the PDMS and spread with a pipette tip. The PDMS was sealed with the linker DNA functionalized gold substrate using 2 kg of weight. The temperature of the thermal cycler was then increased to 70°C at a ramp rate of 1°C/s and held for 30 min to denature the mRNA, after which it was cooled to 25°C at a ramp rate of 0.1°C/s and held for 10 min to hybridize the mRNA with the linker DNA. After hybridization, the gold substrate was washed once in 3× SSC, 0.1× SSC with 0.1% SDS, and 0.1× SSC solution for 5 min each. Figure 1 shows the formation of the covalent bond during this photo-crosslinking. Partial crosslinking of the substrate was achieved by partially covering the substrate with either black sugar paper or aluminum foil before exposing it to UV light. After photo-crosslinking, the mRNA array in 0.1× SSC buffer was imaged using a confocal laser scanning microscope (Carl Zeiss LSM 510) at 633 nm with an APD detector.
2.7 On-chip protein synthesis and fabrication of ribosome display microarray An E. coli-based reconstituted translation system without release factors (PURExpress, New England Biolabs, USA) was used as the cell-free protein synthesis system. 65 µl of cell-free protein synthesis mix containing FluoroTect Green Lys (lysine-charged tRNA labeled with BODIPY FL, Promega) was added onto the mRNA array chip and incubated in a sealed chamber at 37°C for 40 min. Translation reaction was stopped by cooling the substrate on ice, and a solution of 50 mM magnesium acetate and 150 mM potassium chloride was sprayed onto the substrate to stabilize the mRNA-ribosome-protein complex. The solution was exchanged several times to remove excess protein synthesis mix and FluoroTect Green Lys. This ribosome display array was then imaged using the confocal laser scanning microscope. Protein and mRNA were visualized using an APD detector at Ex/Em: 488 nm/LP 505 and 633 nm/BP 655-710 IR, respectively. Figure 2 outlines the procedure for the fabrication of the ribosome display microarray. Thiol-modified linker DNA with CNV K was immobilized onto the gold substrate by thiol-gold binding. The unreacted gold surface was then blocked with mercaptohexanol (MCH). The DNA encoding the model protein with the stop codon was transcribed in vitro in the presence of Cy5-UTP to produce Cy5-labeled mRNA with the stop codon. Using PDMS with microwells, the mRNA was then µ-intaglio printed onto the gold surface and hybridized with linker DNA to form the mRNA microarray. To form a covalent bond between the mRNA and the linker DNA, the mRNA hybridized surface was irradiated with ultraviolet light at 365 nm, resulting in crosslinking between the CNV K of linker DNA and the uridine residue of mRNA. Translation was started by adding the PURE system in the presence of FluoroTect Green Lys. FluoroTect Green Lys labels the synthesized protein with Bodipy-FL to aid in visualization during imaging. During translation, each mRNA strand is read by several ribosomes and each ribosome can be found at different positions on the mRNA. The ribosome stalls once it reaches the stop codon because there are no release factors in the cell-free system. In this work, the translation reaction was carried out for a few minutes and was stopped by cooling the reaction on ice with the addition of a buffer containing high concentrations of magnesium ions. At this stage, the ribosomes were stalled in their current position as the ternary complex and were stabilized against dissociation by the highly concentrated magnesium ions. Figure 3 shows the results of the above procedure. PDMS with microwells of 60 µm diameter was used to print and hybridize the mRNA onto the gold substrate. Part of the mRNA microarray was irradiated with ultraviolet light to form a photo-crosslinked and non-crosslinked region on the same surface. The mRNA array was imaged after mRNA hybridization and photo-crosslinking, whereas the ribosome display array was imaged after the translation reaction and addition of magnesium-rich buffer. In the area that was not photo-crosslinked, the fluorescence intensity of Cy5-labeled mRNA decreased greatly after translation whereas the fluorescence of Bodipy-FL-labeled protein was not visible. In the area that was photo-crosslinked, both the Cy5-labeled mRNA and Bodipy-FL-labeled protein were successfully visualized after the translation reaction, indicating the successful generation of the ternary complex.
Results and discussion
The decrease in the fluorescence intensity of Cy5-labeled mRNA, which was only observed in the non-crosslinked area, after translation indicates the loss of hybridized mRNA. This loss could be attributed to the absence of the photo-crosslinked covalent bond and its mechanism can be explained as follows. Since there are no release factors in the cell-free system, the ribosome stalls once it reaches the stop codon. At this point, ribosomal read-through [17] occurs when aminoacylated photo-crosslinking at 365 nm to form covalent bonds, (e) cell-free translation using the PURE system without release factors, and (f) stalling of the ribosome by the addition of magnesium-rich buffer to avoid dissociation of the ribosome. Figure 3 : Results of on-chip ribosome display fabricated using µ-intaglio printing and photo-crosslinker. Only mRNA that was photo-crosslinked with CNV K resulted in a ribosome display. In areas without crosslinking, the protein is released immediately after synthesis followed by the dissociation of the ribosome as there is no covalent bond to stall the ribosome. The diameter of spots is 60 µm. Imaging was carried out using a confocal laser scanning microscope.
tRNA with similar anticodons to the stop codon enters the ribosome causing the ribosome to continue translating the mRNA beyond the stop codon. Once the ribosome reaches the hybridized region, it starts to break the non-covalent hydrogen bonds between the mRNA and the linker DNA by acting as mRNA helicase [21] . When this occurs repeatedly, the mRNA will be released from the hybridization and subsequently from the gold surface, leading to the decrease in the fluorescence intensity of Cy5-labeled mRNA.
The difference in the fluorescence intensities of the Bodipy-FL-labeled protein between the non-crosslinked area and the crosslinked area confirms that ribosome display was aided by the photo-crosslinking generated covalent bond. Ribosome display is not possible in the area that was not photo-crosslinked because ribosomal read-through releases the protein and mRNA from the surface. In the area that was photo-crosslinked, the ternary complex can be saved from dissociation because the ribosome cannot break the CNV K-assisted covalent bond. Hence, the covalent bond formed by photo-crosslinking CNV K functioned not only as a means to avoid the loss of mRNA from the array during translation, but also as an additional stalling mechanism in the event of ribosomal read-through. Figure 4 shows that by using µ-intaglio printing, a high-throughput ribosome display microarray can be realized by reducing the spot size to 6 µm. PDMS with microwells of 6 µm thickness and 100−6 µm diameter was used to print and hybridize the mRNA onto the gold substrate. Figure  4(a) shows the scanned image while Figure 4(b) shows the quantified data of 4(a). Quantification of the mRNA array indicates that the fluorescence intensity decreases with spot size. This decrease can be attributed to the adsorption of mRNA molecules onto the PDMS during µ-intaglio printing, which decreases the number of mRNA molecules available for printing. This effect is more pronounced in smaller wells since the number of mRNA molecules left for hybridization after adsorption is small in comparison with larger wells where the effect of adsorption on mRNA printing is less pronounced. Quantification of the ribosome display array indicates that the amount of protein decreases with spot size, and this decrease is parallel to the decrease in the amount of hybridized mRNA. This is because the decrease in the number of hybridized mRNA reduces the number of proteins displayed.
In the conventional ribosome display method, the protein of interest is usually selected through its affinity to the target molecules. In contrast, the ribosome display microarray fabricated using the proposed method can be applied beyond the characteristics of binding affinity. It can be widely applied in the screening and analysis of novel proteins, similar to a protein array, and enables the direct retrieval of mRNAs for DNA synthesis through the reversible photo-crosslinking of CNV K to obtain the genetic information. In future work, a spacer sequence of at least 23−26 amino acids in length will be added to the DNA after the stop Imaging was carried out using a confocal laser scanning microscope. Quantification was accomplished using ImageJ software (NIH, USA). Intensity-per-pixel values are the mean gray values generated by dividing the sum of gray values of all the pixels in the selected area with the number of pixels.
codon. The spacer sequence will be added to ensure the synthesized protein is out of the ribosome tunnel [22, 23] and is able to fold without losing its physical linkage with the ternary complex since the spacer sequence will occupy the ribosome tunnel. Since the modification of DNA to add the spacer sequence does not change the native genetic sequence and does not require prior knowledge of the DNA sequence, a DNA library with native sequence can be used with the proposed method in addition to the spacer sequence to fabricate the ribosome display microarray.
Conclusion
The ribosome display microarray was successfully fabricated by employing µIP and photo-crosslinking using DNA containing stop codon as the starting material. µIP enabled miniaturization of the ribosome display spot size while the photo-crosslinking assisted covalent bond circumvented the loss of mRNA from the array during translation and functioned as an additional stalling mechanism. The demonstrated method allows the use of DNA with a native sequence containing stop codon as starting material and presents the ribosome display on a microarray format which enables direct functional identification and comparison of different proteins without any downstream processing.
